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Protein interactionnetworksarebecomingan increas-
ingly important area of research within structural
genomics. Here we present an ion mobility-mass
spectrometry approach capable of distinguishing the
overall subunit architecture of protein complexes.
The approach relies on the simultaneous measure-
ment in the gas phase of the mass and size of intact
assemblies and subcomplexes. These data are then
used as restraints to generate topological models of
protein complexes. To test and develop our method,
we have chosen two well-characterized homo-do-
decameric protein complexes: ornithine carbamoyl
transferase and glutamine synthetase. By forming
subcomplexes related to the comparative strength of
the subunit interfaces, acquiring ion mobility data,
and subsequent modeling, we show that these
‘‘building blocks’’ retain their native interactions and
do not undergomajor rearrangement in either solution
or gas phases. We apply this approach to study two
subcomplexes of the human eukaryotic initiation
factor3, forwhich there isnohigh-resolutionstructure.
INTRODUCTION
In the postgenomic era, the primary challenge is to interpret the
enormous pool of available genomic data and extract important
information regarding the structure and function of proteins.
With progress in this area, it is becoming increasingly apparent
that most cellular constituents rarely act in isolation; rather,
they operate as part of an intricate, precise network of interacting
components (Sali et al., 2003). Knowledge of these molecular
interactions is the key to understanding the elaborate biochem-
ical pathways that underlie all forms of life. However, the struc-
tural diversity, low copy number within cells, and often transient
nature of protein assemblies means that many aspects of their
formation and composition are difficult to characterize using
traditional structural biology methods, such as X-ray crystallog-
raphy or nuclear magnetic resonance spectroscopy. Conse-
quently, there is a need to develop new approaches that define
the structural organization, conformation, and dynamic proper-Structure 17, 1235–12ties of heterogeneous macromolecular complexes of biological
importance (Alber et al., 2005, 2007; Robinson et al., 2007).
Alongwith the advent of electrospray ionization (ESI), the ability
to retain noncovalent interactions within the mass spectrometer
has allowed for detailed analysis of the structure and stability of
macromolecular protein complexes (Benesch et al., 2007; Heck
and Van Den Heuvel, 2004; Loo, 1997; Sharon and Robinson,
2007; Sobott and Robinson, 2002). However, although mass
spectrometry (MS) as a stand-alone technique has proven
powerful for monitoring several aspects of protein structure and
dynamics, until recently, it has not been possible to investigate
subunit interactions (Herna´ndez et al., 2006; Sharon and Robin-
son, 2007; Taverner et al., 2008). Concurrently with develop-
ments in MS, ion mobility (IM) separation has been developed
as a complementary tool for protein complex structural analysis
(Bernstein et al., 2004; Kaddis et al., 2007; Ruotolo et al., 2008;
Ruotolo et al., 2005). This IM approach builds on early reports
that highlighted the utility of such separations for determining
the structures of peptides and small proteins (Jarrold, 2000;
von Helden et al., 1995; Wyttenbach et al., 2003). IM separation
is based on the rate at which an ion migrates through a region
of neutral buffer gas under the influence of a weak electric field.
During IM separation, band-broadening can occur for a number
of reasons, including diffusion (Siems et al., 1994), but is partly
due to the presence of ions in more than one conformation.
This leads to a distribution of transit times for a population of
ions. From this distribution, termed the arrival time distribution,
the centroid drift time is extracted for further analysis. By carefully
calibrating centroid drift time values, and subsequent conversion
into collision cross-sections (CCSs) (reported in both nm2 and
A˚2), it is possible to infer structural details. The combined
IM-MS methodology is therefore not only able to identify and
characterize protein complexes on the basis of mass measure-
ments, but is also able to define the size and topology of interact-
ing components (Ruotolo et al., 2005). Given the recent evidence
suggesting that protein conformation and quaternary structure in
the gas phase largely reflect that in solution (Hoaglund-Hyzer
et al., 1999; Ruotolo and Robinson, 2006), this finding represents
a promising advance for the study of protein complexes.
Although IM-MSanalysis of an intact protein complex provides
valuable information on overall size, further structural information
can be obtained bymonitoring the dissociation of protein assem-
blies to smaller components. One method for generating sub-
complexes, gas phase collisional activation, results primarily in43, September 9, 2009 ª2009 Elsevier Ltd All rights reserved 1235
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ions, yielding ‘‘stripped’’ protein complexes of reduced charge
(Benesch, 2009). This process often identifies peripheral
subunits, with few interaction interfaces, which consequently
unfold more readily than subunits located within the core of a
complex (Herna´ndez et al., 2006). As a result of this unfolding,
gas phase activation typically results in an increase in CCS
(Ruotolo et al., 2007), making this process difficult to correlate
with native protein structure. In contrast, partial disruption of the
protein complex in solution, usingmild denaturants or changes in
ionic strength, gives rise to anensemble of protein subcomplexes
that arise as a result of the relative strengths of subunit interfaces
(Herna´ndez et al., 2006; Levy et al., 2008; Zhou et al., 2008). This
is, therefore, in contrast to protein complex disruption in the gas
phase,where subunits that are releasedare not necessarily those
with the smallest subunit interface (Benesch, 2009). Since the
subcomplexes are generated in solution, we anticipate that
they will be more reflective of native protein structure than are
subcomplexes formed in the gas phase. If this basic assumption
is correct, it should be possible not only to define interacting
components but also to use their size as a basis for building
low-resolution structural models. The overall topologies of these
subcomplexes are, however, largely unknown, and assessing
their structure is one of the primary aims of this study.
To investigate the topology of subcomplexes generated in
solution and to validate our methodology, we have chosen two
well-characterized homo-dodecameric protein complexes: orni-
thine carbamoyl transferase (OCT; PDB 1pvv) and glutamine
synthetase (PDB 1hto). These two complexes are assembled
from trimeric and dimeric subcomplexes, respectively. By per-
turbing their subunit interactions in solution and observing their
various disrupted states, we show that these assemblies can
be distinguished readily on the basis of measurement of their
mass. By use of IM-MS, we can also measure their CCS and,
by applying molecular modeling methods, investigate the topo-
logical arrangements of these disrupted states. In general, our
results are in accord with the subcomplexes retaining much of
their native conformation upon solution-phase disruption.
To demonstrate the applicability of our approach, we subse-
quently applied this solution disruption and IM-MS strategy to
the study of the human eukaryotic initiation factor 3 (eIF3), a
heteromeric complex containing 13 different subunits. eIF3
plays an important role in both ribosome biogenesis and
protein synthesis (Valasek et al., 2001), yet despite considerable
interest, knowledge of many aspects of its structure and function
remain elusive. Cryo-electron microscopy (EM) reveals a five-
lobed architecture (Siridechadilok et al., 2005). A comprehensive
subunit interaction map for the 13 different components (a–m)
has recently been reported on the basis of the generation and
assignment of 27 subcomplexes (Zhou et al., 2008). Our IM-MS
data for selected eIF3 subcomplexes allow us to highlight the
potential of our approach by delineating alternative topological
models for two of the trimers generated in solution.
RESULTS
Characterization of Homomeric Protein Complexes
Using a bioinformatics strategy, protein complexes can be cate-
gorized into hierarchical classifications based on the topological1236 Structure 17, 1235–1243, September 9, 2009 ª2009 Elsevier Larrangement of their subunits. From this classification, it is
possible to predict the main assembly or disassembly intermedi-
ates of a protein complex according the relative size of the
subunit interfaces (Levy et al., 2008). On the basis of this classifi-
cation, we selected two homo-dodecameric complexes that
have different subunit architectures revealed by their X-ray
crystal structures. OCT has a cage-like arrangement of subunits
(Massant et al., 2003) and large binding interfaces across trimeric
assemblies (Figure 1A, inset). In contrast, glutamine synthetase
consists of two stacked hexameric rings (Gill et al., 2002), with
the largest subunit interfaces existing between dimer modules
spanning the two rings (Figure 1B, inset). Consequently, by per-
turbing the subunit interfaces within these two complexes, we
would predict that the resulting subcomplexes could be distin-
guished, not only by MS but also by IM.
To confirm the stoichiometry and homogeneity of OCT and
glutamine synthetase, the two protein complexes were exam-
ined by ESI-MS under conditions that preserve subunit interac-
tions. Both assemblies gave rise to spectra consistent with
homo-dodecameric stoichiometries described in the Protein
Data Bank (data not shown). Solution conditions were then
optimized by the controlled addition of organic solvents to the
dodecamers, such that it was possible to effect disassembly into
noncovalently bound subcomplexes without denaturation of
subunits. Optimal solvent conditions and reaction times were
found to be highly dependent on the solubility properties of the
protein assembly, and a search for conditions involves the addi-
tion of a range of organic solvents and manipulation of the ionic
strength. For the two dodecameric complexes under study,
optimal conditions were found to be 33% acetonitrile for OCT
and 40%DMSO for glutamine synthetase. The solutions contain-
ing subcomplexes obtained under these conditions were then
analyzed by MS, and resulting spectra are shown (Figure 1).
For OCT, four major subcomplexes are observed and assigned,
on the basis of mass measurements, to the intact dodecamer as
well as nonamer, hexamer, and trimer units of the complex.
Figure 1. Mass Spectra and Ion Mobility Contour Plots Superim-
posed on a Common m/z Scale
Data were acquired at a wave height of 10 V for OCT in the presence of 33%
acetonitrile (A) and glutamine synthetase in the presence of 40% DMSO (B).
Insets show schematic representations of the subunit architecture of the two
dodecamers with the subcomplexes predicted on the basis of the strength
of subunit interaction interfaces. These are consistent with the subcomplexes
observed by MS.td All rights reserved
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hexamer, tetramer, dimer, and monomer components were
observed and identified by MS. Interestingly, in the case of
glutamine synthetase, significant amounts of decameric or octa-
meric species were not detected, suggesting that these assem-
blies are not stable under the conditions used here. Overall,
however, the results show that, for both protein complexes, the
disassembly products are consistent with the disruption of the
smallest interface, whereas the largest subunit interfaces remain
intact.
To determine the overall topological arrangement of subunits
within the intact assemblies and subcomplexes generated by
partial disruption in solution, we used IM-MS to record their
arrival time distributions. The widths of these distributions are
relatively narrow, with mobility resolution typically 5–8 t/Dt. The
fact that these distributions are monomodal indicates that the
structure of the ions is not distorted significantly by gas-phase
unfolding (Ruotolo et al., 2007). This finding implies that the
majority of ions exist in a single conformational family of closely
related structures. These IM-MS data are represented as
a contour plot of drift time versus m/z (Figure 1). In addition,
the mass spectra of glutamine synthetase and OCT are pre-
sented using the same m/z scale for comparison. To investigate
the structural properties of these subcomplexes, we then con-
verted drift times to CCSs using a calibration protocol reported
elsewhere (Ruotolo et al., 2008). This procedure outputs CCS
values for every charge state formed for each of the subcom-
plexes (see Table S1, Table S2, and Figure S1 available online).
We found that the measured CCSs did not vary significantly
between charge states for any given complex or subcomplex
(data not shown). We therefore report values that are an average
of the measurements acquired across the relevant charge state
distributions. The overall difference between the two dodeca-
meric assemblies is 4000 A˚2. Importantly, in our control exper-
iments, no significant difference in CCS was observed for the
two intact dodecameric assemblies in the presence or absence
of organic solvents. A summary of these measurements is given
in the first row of both Tables S3A and S3B.
Modeling Approaches for Protein Complexes
To evaluate CCSs determined experimentally, we initially
compared theoretical values using all-atom coordinates of the
X-ray structures with their CCSs calculated by the program
MOBCAL (Mesleh et al., 1996; Shvartsburg and Jarrold, 1996).
Consequently, for the two intact dodecameric assemblies, coor-
dinates of each atom in the complex were taken from the crystal
structure PDB file and used as input for the calculation. The
correlation between calculated and measured CCS is illustrated
for OCT and glutamine synthetase (Figure 2). Experimentally
derived CCSs of the two intact 12-mers show good agreement
with theoretical values calculated using the projection approxi-
mation (PA) method incorporated into MOBCAL (both within
2%). This finding lends support to the notion that, under
controlled ESI conditions, protein quaternary structure is largely
maintained throughout the IM-MS experiment in the absence of
bulk solvent (Ruotolo et al., 2005).
To generate theoretical CCSs based on all-atom models for
the disassembly products of both OCT and glutamine synthe-
tase, core subcomplexes were removed from the coordinateStructure 17, 1235–12sets in a stepwise fashion (represented schematically in Figure 2).
The theoretical CCSs were then calculated for the remaining
atoms using MOBCAL. For OCT, CCSs calculated for model
structures and obtained by removal of trimers and with no reor-
ganization of the remaining complex are within 5% of the exper-
imentally determined CCS. This is well within experimental error
of our measurements. In contrast, for glutamine synthetase,
performing a similar procedure but, in this case, with stepwise
removal of dimeric subcomplexes, results in the experimental
values being consistently lower than those calculated from
atomic models. Although these values are still within experi-
mental error, these lower experimental valuesmay reflect a small
degree of collapse in the gas phase as the dimeric units are
removed from the stable ring structure of glutamine synthetase.
Overall, however, the CCSs determined experimentally are
within error of the model structures generated for the disas-
sembly products of both dodecamers.
Owing to the size of these two dodecamers and to enable us to
examine a wide range of alternate topologies, we applied
a simple coarse-graining strategy. We used an approach based
on overlapping spheres, (Ruotolo et al., 2005) in which the radius
of each sphere is defined by the CCS of an all-atom projection
approximation of the monomer. The intersphere distance is
defined by the distance between the center of mass coordinates
of each subunit within the core subcomplex. To validate this
methodology, we generated topological models of the subunits
in the positions described crystallographically and used our
all-atom calculations described above. We found that it was
necessary to scale the coarse-grained projection approximation
values to fit the values for the all-atom models by a scaling
factor specific to each complex (1.05 and 0.94 for the CCSs
calculated for OCT and glutamine synthetase, respectively; see
Figure 2. Collision Cross-Sections Determined Experimentally
Plotted Against the Number of Subunits with the Various Subcom-
plexes for OCT (Bottom Curve) and Glutamine Synthetase (Top
Curve)
Calculated CCS for the topological arrangements illustrated, for all-atom and
coarse-grained methods (red and blue, respectively), show good agreement
with experimental data, with error bars highlighting the calculated relative
accuracy of the measurement (12%).43, September 9, 2009 ª2009 Elsevier Ltd All rights reserved 1237
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Experimental data are represented by the black solid line, with error bars highlighting the calculated relative accuracy of the measurement (12%). CCS trends for
the fully extended and collapsed structures (data not shown) are found to be higher and lower than the experimental data respectively. Other topological arrange-
ments that were considered include stacked trimers and dimers (purple), ring structures (white), planar structures (light gray), and structures in which subunit
interactions have to be broken (green). In most of these cases, the CCS are larger than the experimental data. Planar arrangements in which subunit interactions
are broken (i.e., red; A) are both larger and smaller than the experimental data in both complexes. Good agreement in both cases is found for the structures
derived for the X-ray coordinates (blue).Supplemental Data for details). By use of this approach, good
correlation between the models is observed (Figure 2).
To investigate the possibility of different topological arrange-
ments of subunits, we explored a variety of model structures
using this coarse-graining approach. The corresponding CCSs
were then calculated in silico. A selection of diverse structures
and their CCSs calculated from coarse-grained models are
shown in Figure 3 (see also Table S3). For OCT, these structures
include those that would require dissociation and reassembly of
subunit contacts: the planar, stacked, and ring structures (light
gray, green, white, respectively Figure 3A). Also included are
structures that retain the overall arrangement of dimers and
trimers within the subcomplexes, but interactions between these
building blocks are varied to give planar, linear, and stacked
structures (red, purple, and dark gray, respectively, Figure 3A).
For glutamine synthetase, similar structures have been con-
structed, but in this case we have also included a ‘‘collapsed’’
version of the subunit arrangements present in the X-ray struc-
ture (dark gray, Figure 3B). These model structures can then
be compared with the measured CCS values (black bar), as
well as the intact dodecamer and its dissociation products
based on the native state arrangement of subunits (blue). As
anticipated, the greatest differences in these structures are
observed for the complexes with the largest number of subunits
(i.e., 12-mers; Ruotolo et al., 2008). The ring structures (white)
give the largest deviation from the measured CCS in both cases.
Many disassembly products, however, are closely similar to
measured CCS values. In particular, for OCT, the structures
that agree best with the experimental CCSs for all the disas-
sembly states are those in which the core trimeric units remain
intact (red, purple, dark gray, and green) and are stacked in
face-to-face orientation (dark gray and green) or in the native
topology (blue). For glutamine synthetase, it is clear that models
providing a compact arrangement of dimers (red, dark gray, and
blue) provide a better fit to experiment than those topological
arrangements that are elongated (white, light gray, and purple)
Figure 3B. Overall, therefore, our results show that the CCSs of1238 Structure 17, 1235–1243, September 9, 2009 ª2009 Elsevier Lsome topological arrangements are too close to be excluded
on the basis of a single model. It is, however, possible to exclude
a number of structural types, including linear, ring or planar, on
the basis of CCS alone.
We also considered an alternative strategy to discriminate
further between the different topological arrangements that
agree with the experimental data. By plotting the CCS calculated
for the various model structures against the number of subunits,
trend lines for the full set of disassembly products can be
compared with the experimental data (Figure 4). For OCT, the
trend line for an assembly of stacked trimer ‘‘building blocks’’
deviates from the experimental data, particularly for the dodeca-
mer (Figure 4A, green). Consequently, although the CCS calcu-
lated for each individual subcomplex is within error of the exper-
imental value, it is clear that this linear trend for stacked trimers is
not consistent with the curvature observed in our experimental
data. For the CCS derived for the subunits arranged according
to the X-ray coordinates, however, the observed trend line
matches closely the experimental data. In a similar manner for
glutamine synthetase, it is possible to discriminate between
dimers that are removed from the same ring (red) or across the
stacked-ring interface (blue, Figure 4B). In this case, the trend
line shown in red deviates from the experimental data and is
outside our experimental error limits for the single ring 6-mer.
In contrast, the trend line in which dimers are subtracted across
the interface between the rings is in close agreement with the
experimental data. This strongly implies that disassembly prod-
ucts are in accord with disruption across the ring interface, as
anticipated from the relative interface strengths calculated
from the X-ray structure (Levy et al., 2008).
By comparing the CCS trend lines for all disassembly models
in Figure 3 to the experimental CCS values recorded for gluta-
mine synthetase and OCT, we are able to rank our models with
respect to the trends observed (Table S3). In the case of gluta-
mine synthetase, three models rank highly (correlation coeffi-
cient, >0.99). Two of these high-ranking models correspond to
a ‘‘collapsed’’ version of the PDB structure (gray Figure 3B)td All rights reserved
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that both of these structures are in reasonable agreement with
our experimental data provides further indication that some
collapse of the glutamine synthetase structure has occurred.
The third model that has a correlation coefficient >0.99 is the
X-ray-derived model (Table S3B). In the case of OCT, trend anal-
ysis ranks the models derived from the X-ray structures highest
among all of the models generated (R2 of 0.994). This provides
further support to the conclusion that the structure of this
complex is preserved upon disruption in solution (Table S3A).
Application of IM-MS to the eIF3 System
To illustrate application of our IM-MS method, we selected
the eIF3 complex because its subunit composition has been
studied extensively (Damoc et al., 2007), its interaction map has
been defined previously (Zhou et al., 2008), and its high-resolu-
tion structure is unknown. Raising the ionic strength of the
complex-containing solution perturbs the polar and ionic interac-
tions of the subunit interfaces of eIF3. In a previous study, we
found that ammonium acetate concentrations of 200–500 mM
were sufficient to observe a series of subcomplexes, which
Figure 4. Trends in Collision Cross-Section for the Four Different
Topologies of OCT (A) and Glutamine Synthetase (B)
Linear and collapsed arrangements of subunits (gray) as well as stacked
arrangements of the dimeric and trimeric building blocks (green). Experimental
data (black solid line) show some degree of curvature and closest agreement
with models derived from the crystal structure in both cases.Structure 17, 1235–12were used to define an interaction map for the 13-component
assembly (Zhou et al., 2008). Under these conditions, three small
subcomplexes are frequently observed, implying that they disso-
ciate readily and are located on the periphery of the complex.
Tandem MS confirms two of the subcomplexes to be trimers
comprising the subunits e:l:k and f:h:m and identifies the third
as the l:k dimer (Figure 5; Table S4) In our previous study, we
observed all possible dimers for the f:h:m trimer (f:h, m:h, and
f:m) indicating the presence of a compact structure where all
three proteins are in contact. Our data for e:l:k, on the other
hand, contained only two dimers (e:l and l:k). We interpreted
the absence of an e:k dimer as evidence of a linear arrangement
of the subunits in the e:l:k trimer. However, this interpretation
assumes that the e:k dimer, if generated, would be soluble,
readily ionized, and stable under the gas and solution phase
conditions employed. From these data, therefore, it is not
possible to exclude the possibility that e:l:k is formed from three
subunits in contactwith each other. To distinguish these possibil-
ities and to ratify our existing model, we examined the subunit
arrangement for both subcomplexes using IM-MS and provide
information that further constrains ourmodel of theeIF3complex.
The eIF3 subcomplexes generated in solution yield the same
disassembly products observed previously (Zhou et al., 2008).
The two subcomplexes of interest here, e:l:k and f:h:m, are
Figure 5. IM-MSData for the Eukaryotic Translation Initiation Factor
eIF3
(A) MS data are shown together with a contour plot of drift time versus m/z
(upper and lower panels, respectively). Complexes corresponding to e:l:k,
f:h:m, and l:k are observed in the spectrum and are labeled with charge state
assignments (green, purple, and black, respectively).
(B) Drift time measurements of the two trimeric complexes, f:h:m and e:l:k,
distinguish an elongated (e:l:k) from a close-packed (f:h:m) trimer. The two drift
time plots are color-coded to match the assignments in panel A.
(C) The two subcomplexes are shown, highlighted (e:l:k in green, f:h:m in
purple) in the context of our contact map reported previously (Zhou et al.,
2008).43, September 9, 2009 ª2009 Elsevier Ltd All rights reserved 1239
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tandem MS experiments. CCSs are extracted from the drift
time data (Figure 5A). Despite the e:l:k subcomplex having
a slightly larger molecular mass than that of f:h:m, the average
CCS recorded for e:l:k is disproportionately large compared
with that of f:h:m (6677 and 5545 A˚2, respectively). This result
suggests that the e:l:k subcomplex adopts a more elongated
structure relative to f:h:m. Because there are few X-ray data
available for the subunits of eIF3, we generated coarse grain
models for both e:l:k and f:h:m using approaches similar to those
applied to our model systems described above (see Experi-
mental Procedures and Supplemental Data for details). By
assuming a constant packing density for all monomeric proteins
and a similar protein-protein overlap for all constituents of the
complex, we were able to generate models that were in good
agreement with the experimental values (Figure 5B). These
results, when overlaid with the experimental data, clearly indi-
cate that the e:l:k trimer adopts an elongated, linear topology,
whereas the f:h:m trimer obtains a compact trigonal geometry.
Significantly, the relative differences between the trigonal and
linear models derived for both f:h:m and e:l:k support only one
interpretation of the data. For example, if subunit radii and
relative overlap values are kept constant and the CCS values
calculated for the models are scaled such that the f:h:m trimer
fits the CCS computed for a linear geometry, it is not possible
to fit the CCS measured for e:l:k in either linear or compact
subunit arrangements (see Supplemental Data). This result
therefore shows that the application of both CCS measurement
and coarse grain modeling, developed and validated using
complexes of known atomic structure, allows us to discriminate
between possible subunit arrangements in two trimeric subcom-
plexes of unknown atomic structure.
DISCUSSION
We have described an IM-MS approach for measuring CCS and,
consequently, for generating restraints for topological modeling
of subunit interaction maps. By studying intact complexes with
atomic structure coordinates, we show that IM-MS can be
used to deduce the topological arrangements of subunits within
multicomponent assemblies. This was achieved through the
controlled adjustment of solution phase conditions, which gives
rise to a distribution of subcomplexes reflective of the ‘‘building
blocks’’ of the assemblies. Our results are consistent with the
overall native structure being largely retained within the various
subcomplexes, enabling us to apply this approach to the eIF3
complex, in which the topological arrangement of subunits is
largely unknown. This procedure allowed us to discriminate
between different topological arrangements in two trimers that
form exposed features, likely on the periphery of the complex.
If solution-based disassembly products are to be used as
building blocks to derive topology and size information for intact
complexes, it is imperative that these subcomplexes retain
native-like conformations. Support for their native-like topology
comes from our data on glutamine synthetase and OCT, which
is detailed specifically in the following experimental observa-
tions. First, the CCS recorded for the two intact dodecameric
assemblies OCT and glutamine synthetase do not change signif-
icantly in dissociating or native state solution conditions. This1240 Structure 17, 1235–1243, September 9, 2009 ª2009 Elsevier Lfinding implies that these different solution conditions have little
effect on the arrangement of the stable protein assemblies.
Second, CCS measurements of the subcomplexes of OCT and
glutamine synthetase, as well as the monomer observed for
the latter, show good agreement with predictions based on
X-ray structures. Third, the experimental measurements for
glutamine synthetase or OCT do not agree with compacted or
‘‘highly collapsed’’ structures (Figure 4). This finding indicates
that intact dodecamers and partially disassembled structures
retain a cavity, at least to some extent, within their overall subunit
arrangement. Finally, the disassembly trends for both dodeca-
meric systems are consistent with the topological arrangements
of subunits that have not undergone major structural rearrange-
ment. In the case of glutamine synthetase, it is not possible to
rule out all structures from our trend analysis alone. The structure
of the highest correlation coefficient, the ‘‘box-like’’ topology, is
the most unlikely, however, because of the number of noncova-
lent contacts that must be broken to form this structure. There-
fore, glutamine synthetase structures that resemble either the
PDB structure, or a compacted version, are the most plausible.
For OCT, however, the highest correlation coefficients are calcu-
lated for the disassembly products formed from the trimeric
building blocks derived from the X-ray structure coordinates.
This supports the proposal that solution phase dissociation
combined with IM-MS enables us to probe the native structure
of intact oligomers and subcomplexes generated in solution.
The study of these two dodecamers highlights many of the
opportunities and limitations of applying IM-MS to the study of
large protein assemblies. For example, molecular dynamics
approaches have been successfully applied to generate model
gas phase structures for small molecules (Baumketner et al.,
2006; Hoaglund-Hyzer et al., 1999; Jarrold, 2000; Kinnear et al.,
2002; von Helden et al., 1995). Such approaches have, however,
provenmuchmore difficult to implement for the analysis of larger
systems studied by IM-MS (Arteca et al., 2001; Arteca et al.,
1999; Mao et al., 2001; Patriksson et al., 2007a; Patriksson
et al., 2007b; Reimann et al., 1999). This issue is compounded
by the current resolution of our IM measurement, which means
that coarse-grained structures are often the most accessible
representation for protein assemblies of unknown architecture.
In this study,wecompare IMdata todifferent quaternary arrange-
ments of protein subunits generated manually from simple
archetypal geometries. We have found that using overlapping
spheres to represent the size, mass, and interactions of each
monomeric component is sufficient for the current resolution of
our IM measurements and provides an opportunity to explore
rapidly a large range of subunit arrangements. Although, in
some cases, this approach is unable to assign unique topologies
to each population of ions from the complex, it is highly success-
ful at narrowing the scope of possible arrangements for a given
system, particularly as the number of subunits in the assembly
increases. Furthermore, analysis of the disassembly trends
resulting from solution phase perturbation provides further
insight into likely conformations, particularly for OCT, where the
highest ranked structures are derived directly from the X-ray
structure. Overall, therefore, our results strongly imply that the
CCSsmeasured for both intact complexes of OCT and glutamine
synthetase, as well as for their disassembly products, are in
accord with their native architectures.td All rights reserved
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complexes will ultimately be realized by application to a system
that eludes traditional structural biology approaches and for
which structural information is limited. For this reason, we have
begun to apply our IM-MS methods to the eIF3 protein
assembly. This system is particularly attractive not only because
of its important role in translation initiation but also because the
structural information available for the intact complex is limited
to electron microscopy density maps (Siridechadilok et al.,
2005) and a subunit interaction map derived from MS experi-
ments (Zhou et al., 2008). We approached the analysis of the
heteromeric subcomplexes generated from eIF3 in a way that is
based largely on our experience with homomeric protein assem-
blies. On the basis of our CCS measurements, we observed that
the packing within the e:l:k trimer is 10% less dense than that
within f:h:m (spherical density, 0.35 and 0.39 Da/A˚3, respec-
tively). As described above, we previously assigned an elon-
gated topology to the e:l:k subunits and a more-compact
topology to the f:h:m subcomplex on the basis of the lack of
MS signals corresponding to the e:k dimer. The models and IM
data provide further evidence for the absence of a connection
between proteins e and k in the eIF3 structure and support the
overall order of the subunits comprising the e:l:k trimer, in accord
with results from previous studies (Zhou et al., 2008). Certain
limitations remain, however, in our assignment of a ‘‘linear’’
arrangement of e:l:k subunits. For example, the precise angle
between the e:l and l:k dimers cannot be determined accurately
given our current CCS data (Table S5). Higher resolution IM data
than has been possible to date will undoubtedly provide further
structural detail for these eIF3 subcomplexes. Despite the
simplicity of our formalism, however, the agreement achieved
between model and experiment is very encouraging.
Overall, therefore,wehave illustrated thepotential for IM-MSof
large protein-protein assemblies, demonstrating that it is not only
able to define the shape, size, and stoichiometry of an intact
complex, but also to probe subunit architecture and interaction
networks. This will provide significant insight into the structure
of functional protein complexes, extracted directly from cells,
with minimal manipulation and at natural expression levels.
Because these complexes are typically of low abundance and
high heterogeneity and dynamics and because our IM-MS is
not restricted by these factors, we are well placed to contribute
to the structure elucidation of suchcomplexes. This is highlighted
for selected eIF3 subcomplexes, which have so far resisted high-
resolution structure elucidation, but for which we have been able
to delineate alternative topological models. Moreover, these
complexes suggest the possibility of using these approaches
ultimately to fit subcomplexes into EM density maps. More
generally, the results presented here add to the range of tech-
niques that can contribute to integrative approaches in structural
biology (Robinson et al., 2007) by providing architectural models
of protein assemblies in the absence of high-resolution structural
data.
EXPERIMENTAL PROCEDURES
Preparation of Protein Complex
OCT and glutamine synthetase were kindly donated by J. Massant (Vrije
Universiteit Brussel, Belgium) and D. Eisenberg (University of California, LosStructure 17, 1235–12Angeles) respectively. For OCT, the sample was buffer exchanged into
100 mM ammonium acetate and concentrated to approximately 3 mM for the
dodecamer using a Vivaspin 500 centrifugal ultrafiltration unit (10,000 Da;
Sartorius, UK). To generate subcomplexes, acetonitrile was added at a ratio
of 1:2 (v/v) and incubated on ice for 10 min before analysis. For glutamine
synthetase, buffer exchange to400mMammoniumacetatewith 50mMmagne-
sium acetate was achieved using a Nanosep centrifugation device (30,000 Da;
PALL Corp., UK), with a final protein concentration of approximately 1.5 mM
(dodecamer). Subcomplexes were formed by addition of DMSO (2:5 v/v,
20 min incubation). Proteins and MS conditions used for CCS calibration are
described in the Supplemental Data (Table S1).
Ion Mobility-Mass Spectrometry
IM-MS measurements were performed on a Synapt HDMS system (Waters
Corp., UK) as described in detail elsewhere (Pringle et al., 2007), with the
sample introduced by electrospray from gold-coated borosilicate capillaries
prepared in-house (Herna´ndez and Robinson, 2007). Instrument parameters
were optimized to remove adducts while preserving noncovalent interactions
(Herna´ndez and Robinson, 2007) and were typically as follows: capillary
voltage, 1.5 kV; cone voltage, 50 V; trap collision energy, 10 V; source temper-
ature, 20C; and backing pressure, 6 mBar. Caesium iodide was used for
calibration of mass spectra.
The IMS cell contained N2 at a pressure of 0.5 mBar, and the traveling wave
velocity was maintained at 250 ms1. Measurements were recorded at four
wave heights (8, 9, 10, and 11 V) to optimize IM separation. CCS values re-
ported are an average of the data recorded over all wave heights. The CCS
calibration procedure is described in detail elsewhere (Ruotolo et al., 2008).
Briefly, drift-time measurements are normalized for charge state, and an
empirically derived, nonlinear correction function is then applied for calibrant
ions such that their relative differences mirror those previously observed for
the same ions (Lorenzen et al., 2008; Ruotolo et al., 2008; Scarff et al., 2009;
Shvartsburg and Smith, 2008; Thalassinos et al., 2009; Uetrecht et al., 2008;
Williams et al., 2008). CCSs of the reference samples were either taken from
the cross-section database (Clemmer, 2008) or from direct mobility measure-
ments recorded on a modified Synapt HDMS instrument described in the
Supplemental Data. The average relative precision of the measurements is
approximately 2%, and the average relative accuracy is approximately 12%,
including errors associated with calibrant cross-sections (up to 5%), the cali-
bration curve (4%–5%), and the relative precision of replicate measurements
(1%–2%).
The eIF3 sample was purified fromHeLa cell cytosol as described elsewhere
(Damoc et al., 2007; Siridechadilok et al., 2005). To generate subcomplexes,
the sample was incubated in 470 mM ammonium acetate on ice for 10 min
before analysis by mass spectrometry. Ion mobility experiments were carried
out on the Synapt HDMS system with the IMS cell pressure maintained at
0.44 mBar and traveling wave height at 10 V. The mobility measurements for
the subcomplexes were recorded at three wave velocities (350, 360, and
380 ms1), and average values were used for subsequent modeling.
Theoretical Cross-Section Calculations
The CCSs of model structures were calculated using the program MOBCAL
(Mesleh et al., 1996; Shvartsburg and Jarrold, 1996), adapted for either large,
all-atom coordinate sets or coarse-grained models (Ruotolo et al., 2008). In all
cases, the projection approximation value is reported as the estimated CCS of
the model, taking into account scattering phenomena by appropriate selection
of subunit radii. For all-atom representations, X-ray structure coordinates with
PDB accession numbers 1PVV (Massant et al., 2003) and 1HTO (Gill et al.,
2002) were used as input for OCT and glutamine synthetase, respectively.
For coarse-grained representations, the mass and radius atomic specifica-
tions were defined in MOBCAL to reflect these parameters in a single protein
subunit, with the radius defined by calculating the all-atom projection approx-
imation CCS for the monomeric subunit and extracting the corresponding
radius, assuming a spherical shape. Cartesian coordinates for coarse-grained
models were generated manually, with intersubunit distances defined as the
distance between the center-of-mass coordinates for subunits within the
core subcomplex. Resulting coarse-grained CCS were multiplied by a scaling
factor of 1.05 and 0.94 for OCT and glutamine synthetase, respectively, to
achieve good correlation with all-atom calculations.43, September 9, 2009 ª2009 Elsevier Ltd All rights reserved 1241
Structure
Complex Architecture from Gas Phase RestraintsAs above, eIF3 subcomplexes were modeled using spherical representa-
tions of subunits. Because very little crystal structure information exits for
the eIF3 complex, we used a formula described previously that ascribes an
average packing density to all proteins (Ruotolo et. al., 2008) in order to esti-
mate the radii of each of the monomeric units present in the complex. We veri-
fied this assumption against CCS measurements in the case of subunits k and
e, and against an all-atom description derived from X-ray crystallography for
subunit k (Wei et al., 2004). To determine the percentage of overlap between
subunits that comprise the trimers, we used CCS measurements of the l:k
dimer (4688 A˚2), compared to the individual CCS estimates for both the
l and k monomers, to calibrate the overlap value for both trimers as 40%.
In addition to this value, overlap values ranging from 7% to 50% were also
calculated for all trimers in order to evaluate the sensitivity of the model and
our resulting structural assignment to percentage of subunit overlap. In addi-
tion to simple trigonal (compact) and linear geometries, linear models contain-
ing all possible protein subunit order permutations (i.e., e:l:k, k:l:e, and l:e:k)
were generated, and their CCS values were calculated. The complete listing
of computed CCS values for the modeled eIF3 trimers, as well as a more
detailed discussion of the modeling approaches used here, is given in
Tables S5 and S6.
SUPPLEMENTAL DATA
Supplemental data include Supplemental Experimental Procedures and five
tables and may be found with this article online at http://www.cell.com/
structure/supplemental/S0969-2126(09)00296-2.
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